This could stabilize the AuNPs against aggregation under high-salt conditions. Upon addition of cysteine, it displaced ssDNA molecules adsorbed on AuNPs, made the AuNPs colloidal solution unstable, and as a result, induced the aggregation of AuNPs under high-salt conditions. This aggregation resulted in a red-to-blue color change owing to 2010
Introduction
Cysteine (Cys), a naturally occurring sulfur-containing amino acid, plays a crucial role in biological systems by providing a modality for the intramolecular crosslinking of proteins through disulfide bonds to support their secondary structures and function. 1 It has been also employed as a radio-protective agent, cancer indicator, and has been implicated in a number of pathological conditions, including Alzheimer's and Parkinson's diseases as well as autoimmune deficiency syndrome. 2, 3 Therefore, the determination of cysteine level is clearly important. Until now, a variety of methods to determine cysteine level have been developed, including high-performance liquid chromatography (HPLC), 6 ,7 electrochemistry, [8] [9] [10] fluorometry, [11] [12] [13] and resonance light scattering. 14, 15 However, most of them require complicated instrumentation, have relatively high analytical costs, and involve time-consuming pretreatment steps prior to the analysis; these difficulties limit the scope of their practical applications. Therefore, new analytical methods from alternative techniques are always useful, especially if the methods are simple, cost-effective and comparatively fast.
Spectrophotometry is generally well known, and is commonly used for routine analysis. Many recent reports describe the application of chromophoric spectrophotometry for detection of cysteine. [16] [17] [18] [19] However, the methods are either limited with respect to sensitivity (current limit of detection ≥ ~1 µM), or incompatible with aqueous environments.
To alleviate the difficulties that conventional chromogenic sensors encounter, some spectrophotometric methods based on gold nanoparticles (AuNPs) aggregates have been explored recently. AuNPs have gained great attention mainly due to their strongly distance-dependent optical properties and large surface areas. AuNPs have extinction coefficients 3 -5 orders of magnitude higher than those of organic dyes in the visible region. Zhong et al. developed two cysteine sensors using 15 and 40 nm diameter citrate-capped AuNPs in 0.01 M HCl.
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The two cysteine sensors were employed to determine cysteine with the limit of detection of 100 µM for 15 nm AuNPs and of 10 µM for 40 nm AuNPs, respectively. Okubo et al. constructed a cysteine sensor based on 13 nm diameter citrate-capped AuNPs conjugated with thermoresponsive copolymers, the carboxyl groups of which were incorporated. 21 The cysteine concentration could be obtained by a sigmoidal profile at a concentration range between 1 to 6 µM. Wu et al. developed a sensor for detecting cysteine in a solution of 13 nm diameter fluorosurfactant-capped AuNPs. 22 The linear range for the sensor generally depended on the reaction time. Cysteine could be determined over the concentration range of 50 -500 µM at 1 min and of 5 -10 µM at 10 min, respectively. These analytical methods for cysteine are based on the adsorption of cysteine on the surfaces of AuNPs to affect aggregation and a color change. Unfortunately, they lack high selectivity and/or have relatively high limits of detection.
In this paper, a different spectrophotometric strategy that uses citrate-capped AuNPs and single-stranded DNA (ssDNA) is described for biosensing of cysteine. ssDNA was found to interact with citrate-capped AuNPs, resulting in the uncoiling of the oligonucleotides and the association of the nucleotide bases to the AuNPs. 23 A sensitive and selective spectrophotometric detection method for cysteine has been established in this paper. The assay is based on the displacement of single-stranded oligonucleotide (ssDNA) adsorbed on the surface of citrate-capped gold nanoparticles (AuNPs) by cysteine in 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid buffer solution (pH 7.2) and on the phenomenon of salt-induced AuNPs aggregation. Upon addition of cysteine, the red-to-blue color changes of the ssDNA-stabilized AuNPs associated with aggregation under high-salt conditions were easily observed with the naked eye. The absorption ratio at 520 and 600 nm was herein employed to quantify the AuNPs aggregation process. The calibration curve showed that the absorption ratio increased linearly over the concentration range of 0.1 -1.3 µM with a limit of detection of 100 nM. Subsequently, the assay was successfully employed to determine cysteine in artificial and pharmaceutical injection samples. 
Experimental

Reagents and chemicals
Hydrogen tetrachloroaurate(III) tetrahydrate was purchased from Acros Organics (New Jersey, USA). Trisodium citrate was obtained from Beijing Chemical Reagent Company (Beijing, China). Sodium perchlorate (NaClO4) was purchased from Beijing Nanshangle Chemical Reagent Company (Beijing, China).
Cysteine The synthesis of the citrate-capped AuNPs was described in Supporting Information. Unless specified, all other reagents were of analytical reagent grade and were used without further purification or treatment. Deionized distilled water was used throughout.
Apparatus
UV-visible absorption spectral data were recorded on a Cary 50 UV-visible spectrometer (Varian, USA) using quartz cuvettes with an optical path length of 1 cm at room temperature. Transmission electron microscopy (TEM) measurements were made on a Hitachi H-8100 transmission electron microscope operated at an accelerating voltage of 200 kV.
Analytical procedure of spectrophotometric detection of cysteine
Into a 1.5-mL plastic vial, 1 µL of 10 µM ssDNA (DNA9, DNA21, cDNA21 or DNA50) solution, 100 µL of the HEPES buffer solution (pH 7.2), an appropriate volume of water and 35 µL of 14 nM AuNPs solution were micropipetted, mixed thoroughly and incubated for 2 min. Then, an appropriate volume of cysteine (1 mM) or sample solution was added to give a volume of 368 µL; this mixture was homogenized and allowed to stand for 1 min. Subsequently, 32 µL of 1 M NaClO4 was transferred as rapidly as possible to such solutions to give a final volume of 400 µL while the timer was started. After thorough mixing, 300 µL of the resulting solution was transferred immediately to a 1.4-mL quartz cuvette. After 2 min reaction, a photograph was taken with Canon IXUS 110 IS digital camera, or the UV-visible absorption spectrum was measured over the wavelength range from 400 to 800 nm at 2 nm intervals with respect to water. All assays herein were performed at room temperature.
Results and Discussion
Spectral characteristics Figure 1 shows UV-visible absorption spectra of the mixture solution of AuNPs and ssDNA with various lengths (DNA9, DNA21, cDNA21 and DNA50) in the absence and presence of cysteine after addition of NaClO4. As shown in Fig. 1 , after addition of salt, the mixture solutions of AuNPs and ssDNA with various lengths (curves a, b, c and d) in the absence of cysteine remained stable and displayed a similar characteristic surface plasmon resonance (SPR) absorption band of AuNPs at about 520 nm. We assumed that, at this concentration of salt, ssDNA with various lengths adsorbed on the surfaces of AuNPs to protect the AuNPs from salt-induced aggregation. 23 However, in the presence of cysteine, a SPR band at about 520 nm with a shoulder band at about 600 nm was clearly observed (curves e, f, g and h in Fig. 1 ), suggesting the formation of AuNPs aggregates due to the adsorption of cysteine on AuNPs. 24 Furthermore, as shown in Fig. 1 , the DNA21/AuNPs/NaClO4 solution in the absence (curve b) and presence (curve f) of cysteine presented similar UV-visible absorption spectra to cDNA21/AuNPs/NaClO4 solution (curves c and g). The results showed that the nucleotide sequence in ssDNA was of no particular importance for spectrophotometric determination of cysteine. When the effect of the length of ssDNA on stabilizing AuNPs in the absence and presence of cysteine under high-salt conditions was investigated, it was clear that, in the absence of cysteine, all ssDNA showed similar stability towards AuNPs (curves a, b, c and d in Fig. 1) . These phenomena were different from those reported by Shen et al. 25 The reason might be that, at the same molar concentration of ssDNA, the longer DNA strand possessed more monomeric deoxynucleotide units. Moreover, as observed in Fig. 1, DNA50 in the presence of cysteine showed higher stability towards AuNPs than DNA9, DNA21 and cDNA21. This might be because longer ssDNA displayed greater steric hindrance, resulting in the more difficult displacement of longer ssDNA molecules adsorbed on AuNPs by cysteine. Herein, DNA21 was selected as a model of ssDNA in the following experiments. To determine the microstructure of DNA21-stablized AuNPs without and with cysteine upon addition of salt, we performed the TEM experiments. As shown in Figs. 2A and 2B , the DNA21-stablized AuNPs in the absence and presence of cysteine were monodispersed and aggregated, respectively. The results were consistent with the red shift of UV-visible absorption spectra (curves b and f in Fig. 1 ) and the red-to-blue color changes of the AuNPs (Fig. S1 ). When the effect of the salt on aggregation kinetics of DNA21-stablized AuNPs induced by cysteine was investigated, it was observed in Fig. S2 that salt was essential to accelerate aggregation of AuNPs induced by cysteine, suggesting a non-crosslinking mechanism. 26, 27 It was believed that the displacement of ssDNA molecules adsorbed on AuNPs by cysteine made the AuNPs colloidal solution unstable, and the aggregation could be driven by the London-van der Waals attraction force under high-salt conditions.
Selection of experimental conditions
Firstly, the effect of the concentration of NaClO4 on the absorption ratio at 520 and 600 nm of the citrate-capped AuNPs and DNA21-stabilized AuNPs in the absence and presence of cysteine were studied in the range of 30 -80 mM (Fig. S3) . As shown in Fig. S3 , it was clear that the concentration of NaClO4 exerted a strong effect on the interaction between AuNPs and cysteine both for the DNA21-stabilized AuNPs and the citrate-capped AuNPs. In addition, it was observed from curves a and b in Fig. S3 that, both in the absence and the presence of cysteine, the citrate-capped AuNPs were sensitive to the increase of salt concentration and even only the addition of 30 mM salt was enough to induce aggregation of the AuNPs. In contrast, a little increase in the absorption ratio value (A600nm/A520nm) of DNA21-stablized AuNPs in the absence of cysteine was observed as the salt concentration increased (curve c in Fig. S3 ). It was believed that ssDNA was adsorbed on citrate-capped AuNPs and restrained the shielding effect of salt on the AuNPs aggregation. 23 In the presence of cysteine, the A600nm/A520nm of DNA21-stablized AuNPs increased rapidly with the increase of the salt concentration, indicating the displacement of DNA21 on AuNPs by cysteine (curve d in Fig. S3) . Moreover, the inset in Fig. S3 clearly shows that the changes in the net absorption ratio of the unmodified AuNPs with and without cysteine, Δ(A600nm/A520nm), in the absence and presence of DNA21 were remarkably different as the salt concentration increased. The Δ(A600nm/A520nm) value in the absence of DNA21 remained almost unchanged in the concentration range of 30 -80 mM (curve e in Fig. S3 ), while that in the presence of DNA21 increased substantially with the increase of concentration of salt (curve f in Fig. S3) . The results indicated that the addition of DNA21 facilitated the sensitive spectrophotometric assay of cysteine under high-salt conditions. Herein, 80 mM salt was selected on the basis of the lower A600nm/A520nm value of the blank and the higher sensitivity.
Subsequently, to confirm the optimal molar ratio of DNA21 to AuNPs, we kept the concentration of AuNPs at 1.2 nM while changing the concentration of DNA21 from 12 to 612 nM. The results showed that the A600nm/A520nm value increased until 21, and then decreased. Hence, 25 nM DNA21 and 1.2 nM AuNPs were selected for the experiments.
Sensitivity and selectivity
To quantitatively determine cysteine using the proposed AuNPs-based spectrophotometric sensor, we recorded the UV-visible spectra of the AuNPs solution mixed with DNA21 in HEPES buffer solution (pH 7.2). Figure 3A shows the plot of the A600nm/A520nm of the AuNPs solution versus the concentration of cysteine (0 -1.9 µM). The inset in Fig. 3A shows a linear increase in A600nm/A520nm was observed in the concentration (c) range of 0.1 -1.3 µM. The linear relationship could be described by a regression equation: A600nm/A520nm = 0.51c + 0.27 (r = 0.999). The detection limit was estimated, following the International Union of Pure and Applied Chemistry (IUPAC) criterion, as the concentration of cysteine which produced an analytical signal three times the standard deviation of the blank signal. The standard deviation of the blank signal was calculated to be 0.017 µM. Therefore, the result suggested a detection limit as low as 100 nM, which is much lower than those of other AuNPs-based spectrophotometric methods. [20] [21] [22] To investigate the selectivity for cysteine detection with the proposed method, we also measured the influences of the other 19 essential amino acids according to the proposed analytical procedure. Figure 3B showed that the A600nm/A520nm value of cysteine was strikingly larger than those of the other 19 amino acids, indicating that the assay approach has very high specificity towards cysteine among the 20 essential amino acids. The possible interferences of other substances that might exist in the biological samples, such as human serum albumin (HSA) (0.1 mM), calf thymus DNA (ctDNA) (0.2 mg/L), glucose (0.2 mM), glutathione (1 µM), ascorbic acid (0.1 mM), and ethylenediaminetetraacetic acid (EDTA) (1 mM), were also examined in the presence of 0.7 µM cysteine. The results revealed a variation to A600nm/A520nm of -2.1, +0.2, +0.2, -1.8, -0.3, and +1.0%, respectively. This indicated a negligible influence of these substances on our sensor system to detect cysteine. In addition, two compounds with thiol groups (homocysteine and cystine) at the concentration of 0.7 µM were also examined. It was found that homocysteine and cystine caused pronounced variations to A600nm/A520nm, indicating that the thiol group plays an important role in the assembly of AuNPs. Notably, glutathione exhibited no reaction activity compared with those of cysteine, homocysteine, and cystine, which might be due to its steric hindrance. 28 
Application: determination of cysteine in artificial and pharmaceutical injection samples
To illustrate the potential of the proposed method for application with real samples, we first performed the assay for cysteine on several artificial samples containing various amino acids, macromolecules, and some other interferents. As shown in Table 1 , the mean recoveries of the samples were between 101 and 103%, and the relative standard deviation (RSD) values were less than 2%. The results illuminated the potential application of this cysteine biosensor in real samples. Subsequently, the assay for cysteine was performed on pharmaceutical injection samples. Each aliquot of compound amino acid injection samples (Sichuan Kelun Pharmaceutical Co. Ltd., Sichun) was diluted with water, and then analyzed as described under the proposed procedure. The mean concentration of cysteine in the original injection samples was determined to be 1.22 mM with the standard deviation value of 0.02 mM (Table 2) . For recovery studies, 1 mM of cysteine was added to the original injection samples; the mixture was diluted with water, and then the total cysteine concentration was determined by the proposed procedure. It can be clearly observed from Table 2 that the mean recovery of added 1 mM cysteine to the original injection samples was 103%, which suggests the accuracy and reliability of the present method for cysteine determination in real samples. 
